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Rod bipolar cells in the mammalian retina receive
synaptic input from many noisy rod photoreceptors.
When photons are scarce, linear addition of inputs
would swamp signals with noise. A nonlinearity at
the synapse optimizes the signal to noise ratio.
Every neuron in the brain faces the task of discrim-
inating useful incoming signals from a background of
useless noise. Much of this noise is inevitable in any
miniaturized device and comes from the stochastic
behavior of the signaling molecules from which
neurons are constructed. In a recent study, Field and
Rieke [1] have taken a reverse engineering approach
to an early step in vision to examine how this is done;
they find, counterintuitively, that to optimize perfor-
mance much of the signal is thrown out with the noise.
Because light arrives as discrete quanta, the problem
of seeing in very low light conditions is essentially that
of signalling the capture of enough photons for reliable
statistical estimates about the relative brightness of dif-
ferent parts of the visible world. Mammals, particularly
nocturnal mammals, have retinas with large numbers of
rod photoreceptors dedicated to low light vision. Each
rod is a very high gain detector with 10 million copies of
a light-capturing molecule, rhodopsin, coupled to a
multistage biochemical amplifier. When a photon is
absorbed by one rhodopsin molecule, activation of the
biochemical amplifier results in the closure of cation
channels in the plasma membrane, giving rise to a
current blip lasting about one second and about one
picoamp in amplitude.
The consequent small voltage signal is propagated
to the axon terminal, where it is passed on to the next
layer of cells, the bipolar cells, through three different
pathways. ‘OFF’ bipolar cells, which signal a light
increase with hyperpolarization, receive rod signals in
two ways: first, via a recently discovered direct synap-
tic connection between rods and OFF bipolar cells;
and second, indirectly via rod–cone electrical coupling
and cone synapses. The most prominent pathway,
however, is a direct synaptic connection between rods
and a type of ON bipolar cell, the rod bipolar cell, that
draws input exclusively from rods and is thought to be
part of a special pathway used for vision in the
dimmest environments.
Dozens or even hundreds of rods are synaptically
wired to every rod bipolar cell. This makes engineering
sense, as only by pooling the scarce photon signals is
it possible for the visual system to make statistically
reliable discriminations. Convergence brings a problem,
however, as the high gain of rods results in their being
noisy, even in darkness. A particularly troublesome kind
of noise is a continuous fluctuation in the current stem-
ming from the instability of the phosphodiesterase mol-
ecules that form an intermediate stage in the rod’s
biochemical amplifier [2]. This kind of noise would
swamp the signal in a bipolar cell at the very dimmest
intensities, where no more than one rod is likely to con-
tribute signal but every rod contributes noise. One trick
often used by the nervous system to remove noise is to
filter out the temporal frequencies unique to the noise,
thereby leaving mostly signal. This strategy seems to
be used at the rod-to-rod bipolar cell synapse [3], but
unfortunately the temporal frequencies of signal and
noise overlap too much for this to be enough. Never-
theless, as Field and Rieke [1] have now shown, noise
can be optimally filtered out solely on the basis of the
amplitude distributions of signal and noise.
Field and Rieke [1] recorded from rods and rod
bipolar cells in slices of mouse retina and compared
their responses to brief, dim flashes. Ideally, every
photon response in a rod would be identical, and in
fact it seems that rods incorporate mechanisms to
limit the variability of their responses [4]; nevertheless,
the amplitudes of photon responses have a coefficient
of variation (standard deviation/mean) of about 0.3.
Except for the biggest responses, continuous current
noise makes it hard to tell when there is single photon
signal, but averaged responses grow linearly with the
number of photons caught. One photon produces an
average of one picoamp, two photons two picoamps,
and so on. Not so in the rod bipolar cell. Two photons
absorbed by a rod produce a response larger than
twice the response to a single photon and, unlike the
situation in the rod, it is not hard to tell signal from
noise. The implication is clearly that rod signals are
somehow added in a supra-linear way at the rod
bipolar cell.
By exploring models, Field and Rieke [1] asked the
question, does this nonlinearity come before or after
the rod signals are pooled together? The answer is
clear. The nonlinearity occurs before signals are
pooled, moreover to explain the data the nonlinearity
has to be very steep, almost a threshold above which
a signal is transmitted and below which it is not. As
shown in Figure 1, a threshold implies that noise is
rejected — but along with it a large fraction of the
smaller rod signals as well (compare Figure 1B and
1F). This prediction exactly matches what is observed
in rod bipolar cells: about 75% of rod signals are
thrown away. Surely throwing away precious photon
signals cannot be a good idea? In fact, this question
has to be approached quantitatively, and for the very
dimmest light intensities the improvement in signal to
noise ratio conferred by the observed nonlinearity is
very close to the optimal value (Figure 2).
How exactly is this nonlinearity achieved? Voltage
gated currents — the origin of nonlinearity in many
neurons — were ruled out in the rod bipolar cell, as the
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experiments were done in a voltage clamp. There is
evidence from other work that feedback from amacrine
cells to the terminals of the rod bipolar cells can shape
rod bipolar cell signals [5], but this too was ruled out as
a source of the nonlinearity by cutting off rod bipolar
cell terminals. Another possibility is that the nonlinear-
ity is caused by non-linear amplification in the rod ter-
minal, but this seems unlikely as recordings show that
OFF bipolar cells, which are post-synaptic at the same
rod terminal as rod bipolar cells, behave linearly with
respect to rod photon absorption.
Very likely, as suggested by van Rossum and Smith
[6] from a modeling study, the crucial element is the
mechanism of glutamate sensitivity on the rod bipolar
cell at the rod synapse. This mechanism has long been
recognized as being unusual, because glutamate
release by the rod closes cation channels in the rod
bipolar cell membrane. It is now known that this is
mediated by the metabotropic glutamate receptor
mGluR6, coupled through the G protein Go[7]. In the
dark, rods release glutamate at the highest rate and
photon signals, because they cause a hyperpolariza-
tion of the rod, diminish this release rate. To explain
the rod bipolar cell nonlinearity, we have to imagine
that the postsynaptic mechanism is saturated in dark-
ness and therefore insensitive to the fluctuations in
glutamate release caused by dark noise and the
smaller single photon signals of a rod, but nevertheless
able to respond to the bigger single photon events.
Whether the saturated step is glutamate binding to
its receptor or, more likely, an internal step in the G
protein signaling pathway is not known, but wherever
it lies it obviously has to be critically adjusted to
prevent, on the one hand, transmission of overwhelm-
ing useless noise, and on the other, blindness to all
photons. Both cGMP and Ca2+, admitted to bipolar
dendrites, can modulate the properties of this trans-
duction cascade [8,9], and either or both of these
messengers might have a role in setting the exact
position of this nonlinearity.
In some teleost retinas, a type of ON bipolar cell,
the Mb1 cell, has input from rods and is thought to
signal in dim illumination. This bipolar cell also incor-
porates a nonlinear thresholding operation, but in this
case the mechanism is one in which the axon terminal
of the bipolar cell generates a single Ca2+ action
potential [10]. Generally, thresholding operations are a
useful device for separating signal from noise, but as
Field and Rieke [1] found, OFF bipolar cells in the
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Figure 1. Simulation of low light vision based on the
parameters from [1] showing the significance of rod noise.
(A) An object comprising a white square on a black background
is imaged on a 30x30 array of rods. (B) Thirty five photons are
absorbed at random according to poisson statistics with the
brighter pixels representing rods that have absorbed two
photons. (C) Absorbed photons produce a range of response
amplitudes, displayed here on a gray scale. (D) In addition to
the responses in some rods, all rods have current noise fluctu-
ating around zero. (E) Picking out responses from the back-
ground of noise is not easy. (F) A steep nonlinearity at the rod
to rod bipolar cell synapse drastically improves the signal to
noise ratio by cutting out the background noise but also remov-
ing the smaller responses. Of the 35 photons absorbed, shown
in B, only 11 are represented as rod bipolar cell input.
mouse retina, which also carry rod signals at low
levels of illumination, behave linearly. It remains to be
seen exactly how this different strategy is optimal.
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Figure 2. The nonlinearity at the rod to rod bipolar cell
synapse separates rod signals from rod noise.
At absolute visual threshold, only 1 rod in 10,000 absorbs a
photon, consequently the overall probability (dashed line) of a
rod having a particular current value is the composite of a noise
distribution (black) and a distribution of rare but slightly larger
amplitude responses (green). Larger current values, those to
the right of the observed nonlinearity (blue), are likely to be
responses and are transmitted to the rod bipolar cell whereas
smaller values to the left are likely to be noise and are not
transmitted. Clearly the position of the nonlinearity is crucial.
Too far to the left and noise is transmitted to the rod bipolar
cell; too far to the right and no signal gets through. The actual
position of the nonlinearity is very close to the theoretical best
position for improving signal to noise ratio at the low intensity
limit of vision. (Redrawn from [1].)
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